Rickets and hyperparathyroidism caused by a defective vitamin D receptor (VDR) can be prevented in humans and animals by high calcium intake, suggesting that intestinal calcium absorption is critical for 1,25(OH) 2 vitamin D [1,25(OH)2D3] action on calcium homeostasis. We assessed the rate of serum 45 Ca accumulation within 10 min of oral gavage in two strains of VDR-knockout (KO) mice (Leuven and Tokyo KO) and observed a 3-fold lower area under the curve in both KO strains. Moreover, we evaluated the expression of intestinal candidate genes involved in transcellular calcium transport. The calcium transport protein1 (CaT1) was more abundantly expressed at mRNA level than the epithelial calcium channel (ECaC) in duodenum, but both were considerably reduced (CaT1>90%, ECaC>60%) in the two VDR-KO strains on a normal calcium diet. Calbindin-D 9K expression was decreased only in the Tokyo KO, whereas plasma membrane calcium ATPase (PMCA 1b) expression was normal in both VDR-KOs. In Leuven wild-type mice, a high calcium diet inhibited (>90%) and 1,25(OH) 2D3 injection or low calcium diet induced (6-fold) duodenal CaT1 expression and, to a lesser degree, ECaC and calbindin-D 9K expression. In Leuven KO mice, however, high or low calcium intake decreased calbindin-D 9K and PMCA1b expression, whereas CaT1 and ECaC expression remained consistently low on any diet. These results suggest that the expression of the novel duodenal epithelial calcium channels (in particular CaT1) is strongly vitamin D-dependent, and that calcium influx, probably interacting with calbindin-D 9K, should be considered as a rate-limiting step in the process of vitamin D-dependent active calcium absorption.
I
t is commonly accepted that 1,25(OH) 2 vitamin D [1, 25(OH) 2 D 3 ] is one of the main hormones for calcium homeostasis and bone mineralization (1) . The genomic effects underlying part of these processes are mediated by the interaction of 1,25(OH) 2 D 3 with the nuclear vitamin D receptor (VDR) in a ligand-dependent manner (2) .
Hereditary hypocalcemic vitamin D-resistant rickets (HVDDR), an autosomal recessive disorder, is caused by a defect in the human VDR gene, resulting in target tissue insensitivity to 1,25(OH) 2 D 3 (2) . The concomitant bone pathology is cured by frequent i.v. calcium infusions (3) and prevented by high oral doses of calcium (4) . VDR-knockout (KO) mice display a phenotype similar to HVDDR: rickets, hypocalcemia, hypophosphatemia, elevated serum 1,25(OH) 2 D 3 , hyperparathyroidism, and alopecia (5, 6) . Consistent with the standard therapy for HVDDR, a high calcium diet prevented rickets and hyperparathyroidism in VDR-KO mice (7, 8) .
On the basis of these data, it is obvious that the small intestine plays an indispensable role in 1,25(OH) 2 D 3 action on calcium homeostasis and bone mineralization (2) . Possible targets involved in vitamin D-dependent active duodenal calcium absorption are: (i) calcium influx, which was elusive until the epithelial calcium channel (ECaC) (9) (10) (11) (12) (13) and the calcium transport protein type 1 (CaT1) (14) were described as possible gatekeepers for calcium entering the cell; (ii) intracellular calcium transfer by calbindin-D 9K ; (iii) calcium extrusion by the plasma membrane calcium ATPase (PMCA 1b ) (15) . The calbindin-D 9K mRNA level is decreased in duodenum of the two known VDR-KO strains, compared with wild-type (WT) mice (5, 16) , suggesting a critical role for calbindin-D 9K in vitamin D-dependent calcium absorption.
However, no data on the regulation of the other proteins or assessment of active calcium absorption in VDR-KO mice are available. We used two strains of VDR-KO mice to evaluate calcium absorption in vivo and to measure the expression of the intestinal candidate genes possibly involved in transcellular calcium transport.
Materials and Methods
Animals. Leuven VDR-KO mice. The VDR targeting vector (Fig. 1A ) contained a 5Ј flanking 5.5-kb BamHI-XhoI and a 3Ј flanking 5.5-kb XhoI fragment encompassing exons 1 and 2, respectively. A ''floxed'' cassette containing the neomycin phosphotransferase (neo) gene was inserted at the XhoI site upstream of exon 2, and a third lox site was introduced downstream of exon 2 at the inactivated EcoRV site. After electroporation of this vector, R1 embryonic stem (ES) cells were selected in G418 (200 g͞ml) and gancyclovir (2 M) and assessed by Southern analysis. Targeted ES cell clones were then transiently electroporated with a Crerecombinase expression cassette, and Southern analysis demonstrated correct excision of the ''floxed'' neo cassette. Chimeric mice were generated by morula aggregation and bred for germline transmission with Swiss mice in an open animal facility (Flanders Interuniversity Institute for Biotechnology). VDR-KO mice were obtained by crossing the VDR lox mice with phosphoglycerate kinase-cre mice (17) .
Tokyo VDR-KO mice. Tokyo VDR-KO mice were generated by targeted ablation of exon 2. They were kindly provided by S. Kato (University of Tokyo) (5) .
The animals, bred in our animal housing facilities [Proefdierencentrum, Katholieke Universiteit Leuven (KUL)], received a normal diet containing 1.1% calcium, 0.8% phosphorus, 0% lactose (Standard, Carfil, Oud-Turnhout, Belgium). In addition, the Leuven strain was studied on either a low calcium diet (0.02% calcium͞1% phosphorus͞0% lactose: 4403.03 Purified Diet, Hope Farms, Woerden, The Netherlands) or high calcium (rescue) diet (2% calcium͞1.25% phosphorus͞20% lactose: TD94112, Teklad, Madison, WI). The diets were started immediately after weaning. Animals were killed at around 10 weeks of age. A group of 8-week-old WT mice on a normal diet were injected with 2 g of 1,25(OH) 2 D 3 ͞kg body weight (BW) (kindly given by J. P. Vandevelde, Solvay Pharmaceuticals BV, Weesp, The Netherlands) or vehicle (peanut oil) 6 h before euthanasia. The Animal Ethics Board of the KUL approved all experimental procedures.
Functional Calcium Absorption Assay. To validate the method, two control groups of Swiss mice were used: a first group was injected with 2 g of 1,25(OH) 2 D 3 ͞kg BW or vehicle (peanut oil) 6 h before the assay; the second group received either a normal, low, or high calcium diet during 1 week before the experiment. The Leuven strain was studied after 1 week of low calcium diet. The Tokyo strain was fed a normal diet throughout, because the Tokyo KO did not tolerate calcium deprivation.
Mice were fasted 12 h before the test. Animals were hemodynamically stable under anesthesia (urethane 1.4 mg͞g BW) during the entire experiment. The test solution contained 0.1 mM CaCl 2 , 125 mM NaCl, 17 mM Tris, 1.8 g͞liter fructose, and was enriched with 20 Ci ).
RNA Isolation and Quantitative Reverse Transcription-PCR (RT-PCR).
Mice were exsanguinated under anesthesia. Distal duodenum and kidney were homogenized in TriZol (GIBCO͞BRL). Total RNA was isolated as specified by the manufacturer. RNA (5 g) was reverse transcribed by using Superscript II RT (GIBCO͞BRL). Quantitative RT-PCR reactions (qRT-PCR) were performed by using an ABI-prism 7700 sequence detector (Gene-Amp PCR system 9600, PE Biosystems, Foster City, CA 
Results
Phenotype of the Leuven VDR-KO Mice. After mating of heterozygotes, Leuven VDR-KO, -heterozygote, and WT mice were obtained in the expected Mendelian ratio. Homozygosity for the inactivated allele was demonstrated by Southern blot (Fig. 1D ). The lack of functional VDR was demonstrated by the absence of VDR mRNA on RT-PCR analysis of total RNA from duodenum, kidney, and bone of 4-week-old mice (Fig. 1E) . The Leuven KO exhibited the same phenotype as the two other VDR-KO strains (5, 6): hypocalcemia, hyperparathyroidism, elevated serum 1,25(OH) 2 D 3 levels, decreased calcium content in bone (Table 1) , rickets, and a progressive alopecia after weaning. Similar to the phenotypic rescue of the Boston KO (7, 8) , we found normalization of serum calcium, calcium content in bone, and serum PTH on the rescue diet. Consequently, renal expression of 1␣-hydroxylase and serum 1,25(OH) 2 D 3 levels dropped ( Table 1 ). The low calcium diet resulted in mild (WT animals) to severe hypocalcemia (KO mice). Calcium content in bone showed the same pattern as serum calcium. Although serum 1,25(OH) 2 D 3 and PTH levels in WT mice on the low calcium tended to be higher than in WT animals on the normal diet, these differences did not prove to be significant (Table 1) .
Calcium Absorption Assay. We assessed calcium absorption by measuring serum 45 Ca at early time points after oral gavage: 45 Ca was already detectable in serum within 2 min after administration. Administration of 1,25(OH) 2 D 3 to control mice, induced significantly higher values at each time point ( Fig. 2A) , resulting in a 1.8-fold higher AUC po 0-10min (Table 2) , compared with vehicletreated littermates. In the second validation experiment, 1 week of low calcium diet doubled, whereas 1 week of a high calcium diet halved, the AUC po 0-10min ( Fig. 2B ; Table 2 ) when compared with values of Swiss mice on a normal diet.
Decreased active calcium absorption is claimed to contribute to the hypocalcemia of VDR-KO mice. The Leuven strain was fed a low calcium diet for 1 week, which favors active over passive calcium transport and which resulted in lower serum calcium levels in both WT and KO mice, compared with levels on a normal diet (Tables  1 and 2 ). The time curve of calcium absorption of the KO mice was significantly lower at each time point, resulting in a 3-fold lower AUC po 0-10min compared with the WT littermates ( Fig. 2C ; Table 2 ).
Calcium kinetics during the first 10 min after i.v. bolus in the KO animals were indistinguishable from kinetics in WT ( Fig. 2C ; Table  2 ). Hence, low serum 45 Ca concentrations in the KO were not because of an enhanced clearance from the blood compartment. This reduced calcium absorption in VDR-KO mice was confirmed in the Tokyo strain ( Fig. 2D ; Table 2 ). The older age of these animals, the normal calcium diet, and strain differences are possible explanations for the lower absolute values of calcium absorption, compared with the Leuven strain ( Fig. 2 ; Table 2 ).
Effects on Gene Expression in Duodenum.
In a next step, we investigated whether expression of genes involved in transcellular calcium absorption was altered in duodenum of VDR-KO mice on a normal diet. A 3-fold decrease of calbindin-D 9K RNA (P Ͻ 0.01) and protein (P Ͻ 0.001) level was found in the duodenum of the Tokyo KO ( Fig. 3 A and B ) (5) . The Leuven KO presented with a small decrease in calbindin-D 9K mRNA level (38% reduction, P Ͻ 0.001), which did not affect calbindin-D 9K protein content ( Fig. 3 A  and B) . PMCA 1b gene expression was not significantly altered in any strain. In contrast, duodenal CaT1 expression was significantly down-regulated in Leuven (P Ͻ 0.001) and in Tokyo (P Ͻ 0.01) KO mice to less than 10% of WT animals (Fig. 3) . ECaC gene expression was also significantly lower in duodenum of KO mice (P Ͻ 0.01). However, detection of CaT1 RNA in duodenum was markedly easier because of higher relative mRNA levels (Ϯ200-fold) than ECaC RNA, which suggests that CaT1 is the dominant duodenal calcium channel at RNA level in these mice (Table 3) . These observations led us to study the influence of dietary calcium in the Leuven strain on expression levels of these proteins ( Fig. 3 A and B) . First, in WT animals, qRT-PCR analysis of calbindin-D 9K RNA levels revealed no significant difference between normal and low calcium diet, but a 2.5-fold increase of Cyp27B1 RNA levels, assessed by qRT-PCR, are expressed as a ratio to the HPRT RNA level.
* , P Ͻ 0.001 vs. WT on normal diet; †, P Ͻ 0.001 vs. KO on normal diet. calbindin-D 9K protein content was found in WT mice on the low calcium diet (P Ͻ 0.001). Conversely, a more than 70% decrease in calbindin-D 9K RNA (P Ͻ 0.001) and protein level (P Ͻ 0.05) was found in WT animals consuming the rescue diet. In the KO animals on a high and on a low calcium diet, calbindin-D 9K RNA level decreased to less than 20% of KO on a normal diet (P Ͻ 0.001). This resulted in a reduction of calbindin-D 9K protein content of 70% on the rescue diet and 40% on the low calcium diet, compared with levels of KO mice on a normal diet. Second, PMCA 1b gene expression was decreased two to three times (P Ͻ 0.001) in WT on the low calcium diet and in KO on both low and high calcium diet. Third, CaT1 expression varied considerably in WT mice: a 6-fold increase with calcium restriction (P Ͻ 0.001) and a 90% reduction with calcium abundance (P Ͻ 0.001), compared with levels of WT mice on normal diet. In KO animals, CaT1 expression was severely impaired, regardless of calcium intake (P Ͻ 0.001). Despite less pronounced differences and lower detection levels, a similar pattern as for CaT1 gene expression was found for ECaC RNA levels in the different conditions (Table 3) . As a different approach to elicit vitamin D genomic responses, a single dose of 2 g of 1,25(OH) 2 D 3 ͞kg BW was administered to Leuven WT animals (see supporting information Table 5 , www. pnas.org). RNA levels of genes involved in each step of transcellular calcium absorption were up-regulated: CAT1 6.5-fold (P Ͻ 0.001), ECaC 1.6-fold (P Ͻ 0.05), calbindin-D 9K 2.2-fold (P Ͻ 0.01), and PMCA 1b 1.8-fold (P Ͻ 0.05).
Changes in Gene Expression in Kidney.
Although the role of the kidney in vitamin D-regulated calcium homeostasis is considered less important, similar mechanisms as in intestinal calcium absorption are involved in renal calcium reabsorption (19) (20) (21) . On a normal diet, renal calbindin-D 9K RNA levels were significantly reduced in kidneys of both KOs to less than 10% of WT (Leuven: P Ͻ 0.001; Tokyo: P Ͻ 0.05) (Fig. 3C) . Gene expression of the second renal calcium-binding protein calbindin-D 28K was not influenced by the absence of VDR, neither was the expression of PMCA 1b . NCX RNA levels were unaffected in the Leuven KO and halved in the Tokyo KO (P Ͻ 0.05). ECaC was abundantly expressed in kidney, in contrast to CaT1 (Table 3) , suggesting a major role for ECaC in renal calcium reabsorption. Moreover, ECaC and CaT1 expression in kidney of KO mice appeared to be normal, or slightly above normal, as was detected for CaT1 expression in the Tokyo KO on normal diet (P Ͻ 0.01) (Fig. 3C and Table 3) .
During low calcium intake, calbindin-D 9K RNA level in kidneys of Leuven WT doubled (P Ͻ 0.001), whereas on high calcium intake, it dropped to 25% (P Ͻ 0.001) (Fig. 3C) . Its expression in the KO mice was impaired on all diets (P Ͻ 0.001). Calbindin-D 28K as well as NCX RNA levels were decreased to less than half in both WT and KO on the low calcium diet (P Ͻ 0.001). In addition, calbindin-D 28K gene expression was also slightly reduced in WT and KO animals on the rescue diet (P Ͻ 0.05). ECaC, CaT1, and PMCA 1b RNA levels remained stable regardless of dietary calcium, except for an increase of CaT1 RNA level in the KO on a rescue diet (P Ͻ 0.001); (Fig. 3C and Table 3 ). Finally, after 1,25(OH) 2 D 3 treatment, ECaC (2.8-fold, P Ͻ 0.001), CaT1 (2.2-fold, P Ͻ 0.01), and calbindin-D 9K (1.6-fold, P Ͻ 0.05) RNA levels were increased (see supporting information Table 5 , www.pnas.org). Calbindin-D 28K and PMCA 1b gene expression were not significantly changed by 1,25(OH) 2 D 3 injection, whereas NCX expression was reduced to one-third (P Ͻ 0.05).
Discussion
We analyzed active intestinal calcium absorption at a functional and molecular level in two different VDR-KO strains. The phenotypic rescue of these mice by a high calcium diet (7, 8) identified the intestine as the primary target tissue for vitamin D action. Moreover, the recent reports of two epithelial calcium channels in the small intestine (9, 14) justified the evaluation of the regulation and importance of the known duodenal calcium handling proteins for active calcium transport.
Intestinal calcium absorption capacities of VDR-KO mice appeared to be reduced, as reflected by the 3-fold lower AUC po 0-10min , without enhanced clearance of calcium from the blood compartment during this time frame. The setting of this experiment did not allow us to calculate absolute active calcium absorption. Nevertheless, serum 45 Ca accumulation is vitamin D-mediated and regulated by dietary calcium: the area under curve (AUC) po 0-10min doubled after a single dose of 1,25(OH) 2 D 3 or 1 week of low calcium diet and conversely was halved on a high calcium diet. Moreover, low CaCl 2 concentration in the stock solution, early time points, and 1 week of dietary calcium deprivation in the Leuven strain were chosen as conditions in which active duodenal calcium absorption processes should play a dominant role (22) (23) (24) . The results of the VDR-KO mice agree with an estimated 20-60% reduction of intestinal calcium absorption in HVDDR patients (3). They are also in the same range as the observed difference in duodenal calcium absorption between vitamin D-deficient (Ϯ11% within 20 min) and vitamin D-repleted (Ϯ74%) chickens, estimated by the ligated duodenal loop technique (24) . Calcium absorption in Tokyo mice was lower than in the Leuven strain, which, besides a different calcium intake, may be because of strain differences.
The second part of our study focused on possible molecular mechanisms of impaired calcium absorption in both VDR-KO strains. No defect in PMCA 1b expression in either of the KOs could be established, although former studies of 1,25(OH) 2 D 3 repletion in chickens and rats and 1,25(OH) 2 D 3 injection in our WT mice resulted in an increased PMCA 1b expression (15, (25) (26) (27) . Calcium absorption in vivo and calbindin-D 9K protein levels correlated fairly well in the Tokyo strain on a normal diet and in the Leuven strain on the low calcium diet: a 3-fold reduction in the KO animals, when compared with their WT littermates. These findings agree with previous reports ascribing the defective calcium homeostasis of the Tokyo (5) and Boston KO (16) mice to low calbindin-D 9K RNA effect of 1,25(OH)2D3-treatment, dietary intervention and VDR inactivation on serum calcium kinetics after Number of animals  17  13  15  15  15  20  20  11  10  23  13 Age levels. They are also supported by experimental evidence that regulation of calbindin expression is rate-limiting for vitamin Ddependent active calcium absorption (15, 19, (28) (29) (30) (31) , despite a certain lack of correlation between the early rise in calcium transport and the later increase in calbindin content after 1,25(OH) 2 D 3 injection (32, 33) . The normal duodenal calbindin-D 9K protein content, however, could not explain the HVDDR phenotype of the Leuven KO on a normal diet. By contrast, duodenal CaT1 and, to a lesser degree, ECaC RNA levels were dramatically and consistently down-regulated in the Tokyo and the Leuven KOs. Until recently, the unidentified calcium influx mechanism was not regarded as primordial, as calcium entered into the enterocyte even in the absence of vitamin D (15, 24, 34) . Surprisingly, the present duodenal gene expression pattern indicates that, among the candidate calcium-transporting genes, only CaT1 and ECaC are severely impaired in VDR-KO mice. This may imply a regulatory role for the epithelial calcium channels in active calcium absorption or a more complex regulation driven by the interaction between calcium influx and calbindin-D 9K . The permanent activation of these channels may indeed require the immediate intracellular uptake of each calcium molecule delivered through the channel by calbindin-D 9K , with subsequent mobilization of calcium toward the basolateral membrane (24, 34, 35) . In this view, the major down-regulation of CaT1 and ECaC expression combined with a reduced calbindin-D 9K expression may contribute to the more profound hypocalcemia and reduced calcium in bone of the Tokyo KO on the normal diet. Moreover, an increased calcium transfer into the enterocyte was seen on ion microscopic images in vitamin D-repleted chickens 2.5 min after calcium administration, although calcium also concentrated, to a lesser extent, in the duodenal brush border region of vitamin D-deficient chickens (24) . Additional investigation will be needed to verify (i) whether vari (19, 28) , ECaC, and especially of CaT1 expression in WT mice. 1,25(OH) 2 D 3 -responsive ECaC expression was previously demonstrated in rat kidney (13) , and four putative vitamin D 3 -responsive elements were described in the promoter region of the human ECaC gene (12) . However, in the duodenum of rats, Northern blot did not reveal vitamin D-dependent regulation of CaT1 expression (14) , and no significant relationship was shown between human CaT1 homologue (officially approved HGMW-gene symbol: ECaC2) expression in duodenal samples and serum 1,25(OH) 2 D 3 levels of healthy volunteers (36) . At present, no conclusive explanation for this differential regulation in different species is available. On the other hand, the alterations in CaT1 and ECaC gene expression in our WT mice on the different diets reflected changes in serum 1,25(OH) 2 D 3 levels and were in concordance with the need for active calcium uptake from the intestine: the low calcium diet induced, and the rescue diet inhibited, their duodenal expression. Calbindin-D 9K protein content in WT mice showed a similar but less pronounced pattern (19) , although calbindin-D 9K RNA level was not significantly altered on the low calcium diet, suggesting posttranscriptional modifications (31) . Finally, PMCA 1b gene expression was affected in the opposite way: reduction on the low calcium diet, but not on the rescue diet. Obviously, the gene expression pattern we observed in the duodenum of VDR-KO mice on a normal diet is complementary to changes in gene expression induced by 1,25(OH) 2 D 3 injection or dietary calcium alteration in WT mice. In the duodenum of Leuven VDR-KO mice, not only was CaT1 and ECaC expression impaired on any diet, but calbindin-D 9K and PMCA 1b expression was substantially reduced either in calcium deficiency or abundance as well. The exact VDR independent gene repressor mechanism of this latter observation is elusive: the two remaining calciotropic hormones varied inversely in both dietary conditions, and we found no significant difference in duodenal expression of the calcium sensing receptor (unpublished data) on any diet (37) . Interestingly, the inhibition of intestinal calbindin synthesis in vitamin D-replete chickens on a high calcium diet was also attributed to kidney 1␣-hydroxylase-independent mechanisms (38) .
As renal calcium reabsorption resembles intestinal calcium absorption (19, 21) , we evaluated VDR-KO mice for possible defects of known factors involved in this process. Comparable to the stimulatory effect of 1,25(OH) 2 D 3 repletion on renal ECaC RNA and protein expression in rats (13), expression of both channels (although CaT1 was less abundantly present) more than doubled in kidney of our WT mice after a 1,25(OH) 2 D 3 injection. In contrast, expression of neither ECaC nor CaT1 was impaired in the KO mice nor was it influenced by changes in dietary calcium. In fact, only the RNA levels of calbindin-D 9K changed considerably and with an almost similar pattern as in duodenum (except for the KO on a normal diet): reduction in the KO on any diet (16) and in the WT on the rescue diet; enhanced expression in WT animals on low calcium diet and after 1,25(OH) 2 D 3 injection (16, 28) . Nevertheless, it remains to be clarified whether these changes or the smaller changes in calbindin-D 28K (16) and NCX expression have any influence on calcium reabsorption. Renal calcium handling in the VDR-KO and the contribution to its phenotype have not yet been characterized.
Further analysis and quantification of ECaC and CaT1 protein expression are eagerly anticipated to (i) verify whether reduced RNA levels result in decreased protein levels in duodenum of VDR-KO mice and (ii) substantiate the notion of a tissue-specific distribution of these channels, bearing on opposite ratio of RNA expression levels in duodenum (CaT1ϾECaC) versus kidney (ECaCϾCaT1) in our analysis and in former reports (14, 36) .
In conclusion, we provide arguments for an impaired calcium absorption in VDR-KO mice. The two recently described intestinal calcium channels ECaC and CaT1 are expressed in duodenum, but CaT1 RNA levels are severalfold higher than ECaC RNA levels. The expression of both channels is strongly VDR-dependent and consistently down-regulated in two VDR-KO strains. This expression fluctuates in WT animals according to dietary calcium driven variations in 1,25(OH) 2 D 3 . Consequently, among the presently known active calcium absorption mechanisms, calcium influx, probably interacting with intracellular calcium transfer mechanisms, should be considered as a rate-limiting step in the process of vitamin D-dependent duodenal calcium absorption. ECaC and CaT1 RNA levels, assessed by qRT-PCR, are expressed as a ratio to the HPRT RNA level.
* , P Ͻ 0.001 and †, P Ͻ 0.01 vs. WT on normal diet.
